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EFFECTS OF MOWING AND SOIL DISTURBANCE ON THE NO-TILL ESTABLISHMENT 
AND PRODUCTIVITY OF A DIVERSE FORAGE CROP COCKTAIL IN HAYFIELDS 
by 
Myers Shaiyen 
University of New Hampshire, September 2016 
This project examined approaches to establishing a functionally diverse forage crop “cocktail”, a 
mixture of 15 annual and perennial forage crop species with contrasting functional traits, within 
a hayfield for the purpose of increasing hayfield forage plant diversity and productivity. The 
forage crop cocktail was intended to enhance the diversity of the resident hayfield, as well as 
contribute to enhancements in overall hayfield productivity via biological interactions among the 
cocktail and resident hayfield species, rather than through external chemical inputs. We 
examined several strategies for both managing the resident hayfield plant community prior to 
sowing the cocktail and the timing and approach to seeding the mixture. At both sites, 
management (mowing with or without tillage) in the spring increased light availability at the 
time of cocktail planting relative to the unmanaged control; however, effects of management on 
soil moisture levels were less consistent. Overall cocktail establishment and growth was poor 
across sites, but was highest in hayfield management treatments that resulted in the greatest 
disturbance to the soil. Data from this study suggests that attempts to establish forage crops into 






The need for sustainable agriculture worldwide has become especially pressing given 
growing concerns about agriculture’s role in contributing to pollution and climate change. In 
addition, the world’s population is projected to rise to over 9 billion by 2050 and there will be 
increasing pressure to intensify agricultural production in many regions across the world given 
that most of the world’s arable land is already being farmed (Tilman et al. 2011; Foley et al. 
2011). Millions of people are hungry, and more will likely grow hungry over the coming decades 
due to food insecurity, famine, and political instability; climate change is likely to exacerbate 
these issues in many areas of the world (FAO 2014).  
A number of prominent scientists and others involved in the agricultural sector have 
expressed doubts about the sustainability of current agricultural production systems, particularly 
in the face of climate change and continued population growth (Robertson and Swinton 2005; 
Tilman et al. 2011; Foley et al. 2011). One of the primary impediments to developing more 
sustainable systems of agriculture is reliance on monocultures (Altieri 1999). Monoculture 
production has increased world-wide as the size of farms and incentives for commodity crop 
production have increased (Plourde et al. 2013). In many countries around the world, crop 
production and consumption involve only a few major crop species. For example, wheat, rice 
and soybeans are major staple crops in 97, 91and 74% of countries around the world, 
respectively (Khoury et al. 2014). This level of homogeneity in our agricultural food systems is 
due, in part, to pressures from political and economic forces and economies of scale.  
Continuous use of monoculture is associated with increased risk of crop disease, 
herbicide resistance, reductions in soil quality, and a variety of other agricultural and 
environmental problems (Altieri 1999). Hence, there is increasing interest in understanding how 
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the diversity of our cropping systems can be increased, and how this may impact the 
sustainability of agriculture and the environment at scales ranging from the field to global-scale 
(Altieri 1999; Hooper et al. 2005; Smith et al. 2008; Hale et al. 2014). 
At the same time, agriculture in the New England region is grappling with many of the 
same issues being faced by other parts of the country and the world, as well as challenges and 
opportunities that are somewhat unique to the region (Hale et al. 2014; Donahue et al. 2014). 
More than 100 years ago, the total agricultural land in New England was approximately 6 million 
acres, while today, the number is less than 2 million acres (AFT 2014). Annually, New England 
loses approximately 80,000 acres of farmland, with concomitant losses of species that require 
grassland and early successional habitats (TOR 2009).  Many acres of prime agricultural land 
have been lost to urbanization, primarily in the Southern New England States (AFT 2014). 
Additionally, the effects of climate change are already becoming evident in the form of increased 
temperatures, crop heat stress, invasive pests, drought, and increased weather variability, all of 
which are potentially detrimental to agriculture in the region (Grund and Walberg 2013; 
Antonsen and Olsson 2005). With the decline in available farm land, land values have risen, with 
the consequence being that the price per acre in New England is twice the national average (AFT 
2014).  
Despite the decline of agriculture in the region since the turn of the century, agriculture 
has remained a small but important component of the New England food system and economy 
(LAP 2012; AFT 2014). Recently, however, the region has seen a relatively dramatic increase in 
the public’s interest in and demand for local food (LAP 2012; Hale et al. 2014; Donahue et al. 
2014).  This is particularly significant given the region’s relative lack of remaining prime 
agricultural land and resulting high levels of forest cover, cover that in some states now exceeds 
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80% of the land area (Foster et al. 2010). This means that in order to satisfy the growing interest 
in locally produced agricultural products, it will be especially important to manage what little 
available agricultural land currently exists in the region using the most sustainable practices 
available.  Hence, alternatives to conventional agricultural practices, practices that do not result 
in further degradation of natural resources and/or the environment, will be especially important 
to research and implement. Important too, will be practices that sustainably intensify production 
and minimize the need for agricultural extensification, given that any extensification of the 
region’s agricultural land base would likely come at the expense of forested land and the 
ecosystem services that forests provide to society (Bommarco et al. 2013; Hale et al. 2014).  
Intercropping is an alternative to conventional monoculture production that could help 
maintain yield and potentially provide additional ecosystem services in the form of increased 
nutrient capture, enhanced productivity, and support of beneficial organisms, thereby reducing 
pressure to convert additional sensitive ecosystems to agriculture (Altieri 1999; Power 2010). 
Previous research has shown that compared to monoculture, diversified cropping systems can 
often better suppress weeds, reduce populations of insect pests and diseases, and reduce the need 
for chemical inputs (Altieri 1999; Newton et al. 2009; Liebman and Dyck 1993; Davis et al. 
2012). Another potential benefit of intercropping is yield stability (Carruthers et al. 2000). This 
stability may arise because in a diverse mixture of crops, if one crop fails, the other crops can 
compensate (Carruthers et al. 2000).  This stability in production may be particularly important 
to maximizing overall yield under scenarios of climate change, which forecast increasing 
variability in precipitation and temperature across the region over the coming decades (EPA 
2016). Within polycultures or intercrops, complementarity among different species with different 
functional traits, such as cool and warm seasonality, shallow and deep rooting, nitrogen fixation 
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etc., may also lead to greater overall productivity compared to growing species as monocultures 
(Tilman 1999).  
The aim of this project was to explore the use of crop diversity within the context of a 
hayfield agroecosystem. Hayfields are a dominant feature of the New England landscape and are 
an important component of the region’s dairy and livestock industry (Donahue et al. 2014). 
Many of the region’s hayfields are minimally managed and can often be species poor, resulting 
in lower hayfield productivity than might otherwise be attained through more intensive 
management with fertilizers or other inputs. Previous research has shown that increasing the 
diversity of sown pastures is associated with enhanced productivity and nutrient cycling (Vibart 
et al., in press). This project examined approaches to establishing a functionally diverse forage 
crop “cocktail”, a mixture of 15 annual and perennial forage crop species with contrasting 
functional traits, within a hayfield for the purpose of increasing hayfield forage plant diversity 
and productivity. The forage crop cocktail was intended to enhance the diversity of the resident 
hayfield, as well as contribute to enhancements in overall hayfield productivity via biological 
interactions among the cocktail and resident hayfield species, rather than through external 
chemical inputs. We examined several strategies for both managing the resident hayfield plant 
community prior to sowing the cocktail and the timing and approach to seeding the mixture. 
Hence, our project was intended to represent a relatively low intensity approach to improving 
hayfield productivity and plant functional diversity. Interest in cocktails among farmers and 
researchers has grown significantly in recent years, particularly in the context of cocktails of 
cover crops grown in annual row crop and vegetable rotations (Smith et al. 2014; Finney et al. 
2016). Little work, however, has been concerned with how cocktails might be integrated into 
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perennial pasture and hayfield agroecosystems and the consequences, in terms of agroecosystem 
functions, of doing so. 
 
RATIONALE AND HYPOTHESES 
The following evidence from the literature forms the basis for our hypotheses for how 
hayfield management practices should affect the establishment and growth of a diverse forage 
crop cocktail.  
 Interseeding may be a more environmentally-benign approach to establishing diverse 
forage crop cocktails compared to seeding into bare soil or a completely tilled soil (Carruthers et 
al. 1999). Interseeding may also reduce the need for additional weed management, particularly 
when it involves minimal disturbance to the soil (Bilalis et al. 2009). However, establishing a 
diverse forage crop cocktail in a hayfield without the use of herbicides or intensive tillage may 
prove challenging due to competition from the resident hayfield species (Tournebize and 
Sinoquet 1995). Mowing may suppress the growth of resident hayfield species and allow the 
forage crops to establish. The main aim of mowing is to reduce light competition. Mowing may 
also reduce the spread of weeds if mowing occurs before they flower or produce seed heads. If 
weeds have fully matured, mowing the field will not be useful to prevent future weed problems. 
Even after mowing, some weeds can still grow new shoots and seed heads but their flower and 
seed numbers are usually less compared to when not mowed. Multiple mowing events can 
reduce root reserves of some perennial species; thereby, reducing growth and canopy production. 
Despite this, not every species can be suppressed by mowing. Low growing weedy species such 
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as dandelion (Taraxicum officinale), crabgrass (Digitaria spp.) and nimblewill (Muhlenbergia 
schreberi) can still be present even after multiple mowing events (Green et al. 2006). 
 Soil disturbance may improve forage cocktail establishment by reducing light 
competition by the resident hayfield community and by improving soil water availability due to 
better infiltration and reduced rates of evapotranspiration. Depending on the depth of soil 
disturbance, it can loosen the seedbed, and reduce surface and subsoil compaction. Soil 
disturbance also allows more sunlight energy to reach the soil surface and thereby increase soil 
warming which can affect the seed zone and subsequent plant growth. Zonal soil disturbances 
(such as strip-tillage) only disturb a portion of the soil surface; thus, most of the crop residue 
remains intact. This remaining plant residue can take in energy from raindrops and reduce 
erosion and crusting and allow for more rain infiltration into the soil pores (Wolkowski et al. 
2009). However, strip tillage can also provide soil erosion risks especially in areas of slope. It 
can also cause weed shifts, insect problems and fertility issues (Morrison 2008). Our hayfield 
management treatments include mowing and light to moderate soil disturbance. We hypothesize 
that hayfield management practices that result in the highest light and soil moisture availability 
at the time of seeding will result in the highest establishment, diversity, and overall productivity 
of the forage crop cocktail. 
 Timing of planting may also affect the establishment success and productivity of a forage 
crop cocktail. Cool and warm season planting times may favor specific species based on the 
various growth phenologies of each plant species. Having a diverse mix of species, each with 
different growth responses and climate responses may result in better year round productivity 
compared to monocultures. If one species is unproductive during a particular season another 
species may compensate. Having a large number of species in the cocktail may help spread the 
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risk.  Whether or not there is an “ideal time” to plant a functionally diverse forage crop mixture 
is unknown. Our seeding treatments include planting the entire forage crop cocktail in the spring 
(warm-season), planting in the fall (cool-season) and a combination of both (sequential planting 
of warm and cool season species separately). We hypothesize that the species composition of the 
forage crop cocktail that successfully establishes will differ when the cocktail is planted in the 
spring compared to when planting occurs in the fall and that tailoring the timing of the cool 
season and summer season components of the cocktail to the appropriate planting period (i.e., 
planting cool and warm season species sequentially) will result in the highest overall cocktail 
establishment and productivity. 
The following evidence from the literature forms the basis for our hypotheses for how a 
diverse forage crop cocktail will affect stand-level processes in hayfields. 
Forage crop mixtures utilize resources more effectively than monocultures.  
Previous research has shown that intercrops can intercept light more effectively than 
monocultures. Tournebize and Sinoquet (1995) reported that a mixture of shrubs and grasses 
utilized photosynthetically active radiation (PAR) between 71- 81% better than shrubs or grasses 
grown alone. Similarly, Bilalis et al. (2009) demonstrated that leaf area index was significantly 
higher in intercrops of corn and legumes than in corn monocultures. In contrast, Caldwell (1987) 
noted that in a shrub-grass mixture, full overtopping of one species by another can often result in 
competition for light and reduced photosynthetic production of weeds and lower growing crops. 
We hypothesize that a forage crop cocktail will result in greater overall hayfield productivity 
compared to a hayfield without an established cocktail. 
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Intercrops provide a significant yield advantage relative to monocultures especially when they 
include grass and legume functional groups.  
The addition of grains and legumes to forage crop mixtures provides nitrogen to the 
system as a result of nitrogen fixation by the legume species. There can also be a reduction of 
nitrogen losses from the legume crops due to uptake of soil inorganic nitrogen by the cereal 
crops, as well as reduced rates of nitrogen mineralization (Strydhorst et al. 2008). Nutritive 
value, crude protein concentration and protein yield were also greater in intercrops. For forage 
dry matter yields, some of the crops showed an increase in yield compared to monocultures. 
However, Strydhorst et al. (2008) noted that individual crop species have different peak times for 
water and nutrient uptake; therefore, if species occupy the same ecological niches, yield 
advantages are unlikely to occur in mixtures due to competition. We hypothesize that 
performance of individual species within a forage crop cocktail will depend on the functional 
role and resource niche of that species relative to the other species in the mixture and the 
resident hayfield community. 
Intercrops are more stable in terms of overall biomass production relative to monocultures. 
Monocultures are risky due to their vulnerability to pests, disease, and variability in 
weather (Lin 2011). Forage intercrops, because they contain more than one species, each 
differing in their susceptibility to specific pests and weather events, are less likely to be 
negatively affected by these factors because if one crop fails, the others are still intact. In an 
experiment conducted by Carruthers et al. (2000), a corn and soybean intercrop produced 
acceptable yields despite the fact that the corn biomass was low due to poor establishment 
because the soybeans were able to survive and compensate for the corn’s lack of production. 
This compensation by other crops in a mixture prevents reductions in overall productivity during 
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various stages of the growing season (Fig. 1). We hypothesize that components of the forage 
cocktail will compensate for periods of low productivity in the resident hayfield community and 
this will lead to greater overall stability in biomass production over the growing season. 
 
  
Figure 1. A conceptual model for how a functionally diverse forage crop cocktail may lead to 
overall greater and more stable forage production by complementing periods of low productivity 
by the resident hayfield species. 
 
Intercrops suppress hayfield species compared to monoculture.  
One of the main uses of intercropping is to reduce weed establishment from the soil seed 
bank (Liebman and Dyck 1993). Wisley and Polley (2002) found that diverse mixtures, 
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compared to less diverse mixtures were more resistant to plant invaders.  This is because the 
diverse mixtures use resources more effectively so that less is available to invading species 
(Tilman 1999). We hypothesize that forage crop cocktails will reduce the abundance of some 
functional components of the resident hayfield community (i.e., grasses or forbs), as well as 
weeds emerging from the soil seed bank, particularly under conditions of disturbance (mowing 
or tillage). 
 
MATERIALS AND METHODS 
Field Sites and Treatments 
The field experiment was established at two hayfields in Strafford County, New Hampshire. One 
hayfield was located at the Strafford County Conservation District Farm in Dover and the other 
at the University of New Hampshire (UNH) Kingman Research Farm in Madbury. The 
experiment involved a forage crop cocktail that included 15 annual and perennial cool and warm 
season grass, broadleaf, and legume forage species (Table 1). The species were chosen using the 
USDA’s “Cover Crop Chart” (Liebig and Johnson 2012) with an effort to maximize the range of 






Table 1. Forage species used in the forage crop cocktail experiments conducted at the UNH 
Kingman Research Farm in Madbury, NH and the Strafford County Conservation District Farm 
in Dover, NH. 
Functional Group Forage Species (code) Scientific name Seeding rate 
kg ha-1 
Cool season grasses Winter ryegrass (WR) Lolium perenne 2.15 
 Cereal rye (CR) Secale cereale 10.30 
  Triticale (TL) Triticale hexaploide 11.2 
Cool season broadleafs Tillage radish (TR) Raphanus sativus 0.75 
  Turnip (TU) Brassica rapa 0.55 
Cool season legumes Field pea (FP) Pisum sativum 9.32 
  Birds foot trefoil (BFT) Lotus corniculatus 0.50 
Warm season grasses Sudangrass (SG) Sorghum bicolor 2.88 
 Teff (TE) Eragrostis tef 0.68 
  Forage corn (FC) Zea mays 2.04 
Warm season broadleaf Buckwheat (BW) Fagopyrum esculentum 6.85 
 Chickory (CR) Cichorium spp. 0.68 
  Sunflower (SF) Helianthus annuus 1.12 
Warm season legumes Cowpea (CP) Vigna spp. 9.14 
  Soybean (SB) Glycine max 9.68 
 
The experiment included two treatments, hayfield management and cocktail seeding.  
The hayfield management treatment levels represented four approaches to suppressing the 
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resident hayfield community prior to cocktail seeding.  The four approaches were none (no 
management control); mowed once prior to seeding; mowed twice, one week apart prior to 
seeding; and mowed once followed with moderate soil disturbance prior to seeding (using an 
Aerway soil aerator at Dover and a Yeoman’s plow at Kingman). The cocktail seeding treatment 
included four levels: all 15 cocktail species planted in the warm-season (July; “All spring”); all 
15 species planted in the cool-season (October; “All fall”); only the warm-season cocktail 
species planted in July, followed by planting of the remaining cool-season species in October 
(“Sequential”); and none (no cocktail seeds planted).  All treatments were fully crossed (for a 
total of 16 treatment combinations) and were assigned randomly across each of four blocks in a 
full-factorial design.   
Dover site 
At the Dover site, the dominant soil type is a Buxton silt loam (Buxton = Fine, illitic, 
frigid Aquic Dystric Eutrudepts). The plot dimensions were 2.44 m wide and 9.1 m long. Prior to 
treatment establishment, the entire site was hayed on June 20, 2014 to a height of approximately 
10 cm.  The hay was bailed and removed from the site. On June 27, 2014, plots to be planted 
during the warm season (All spring and Sequential treatments) that were assigned to the multiple 
mowing treatment mowed with a rotary mower to a height of approximately 5 cm.  These same 
treatments, along with the warm season treatments receiving only a single mowing, were mowed 
again with a rotary mower to a height of approximately 5 cm a week later on July 7, 2014. On 
the same day and following this second mowing, plots that were assigned the mowing + 
disturbance treatment received a single pass with an Aerway soil aerator (AerWay Co., Norwich, 
ON, Canada).  The Aerway was intended to provide a moderate level of soil disturbance and 
additional stress to the resident plant community. The forage crop cocktail (either all 15 species 
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or just the warm season components) was then planted in the warm season treatments using a 
Great Plains no-till drill (Great Plains Ag, Salina, KS). The “cool season” treatments were 
established in the same manner in November 2014.  
Kingman site 
Protocols used at the UNH Kingman Research Farm were similar to those used at the 
Dover site, with several notable differences. At Kingman, the dominant soil type is a Hollis-
Charlton fine sandy loam (Hollis = loamy, mixed, mesic Entic Lithic Haplorthods; Charlton = 
coarse-loamy, mixed, mesic Entic Haplorthods).  The plot dimensions were 1.93 m wide and 
7.32 m long.  The entire site was hayed on June 20, 2014. Treatments receiving two mowing 
events were first mowed with a rotary mower to a height of approximately 5 cm on June 27, 
2014. These same treatments, along with those receiving only a single mowing, were mowed to a 
height of approximately 5 cm again on July 8, 2014. Instead of using an Aerway soil aerator to 
establish the soil disturbance treatment, as was done at the Dover site, we used a “Yeoman’s 
plow” (Yeoman Plow Co., Arundel, QLD, Australia), which cuts 15.24 cm deep furrows using 
three vertical shanks.  This was conducted in one pass on July 8, 2014. Warm season treatments 
(either all 15 cocktail species or just the warm season components) were planted with an 




In order to assess how the hayfield management treatments affected light availability and 
soil moisture, we measured photosynthetically active radiation (PAR) and soil moisture in all 
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plots on July 18 and 23 for the spring planting, and November 25, 2014 for the fall planting 
(approximately 2 weeks after cocktail planting) using an Accupar LP-80 (Decagon Devices, 
Pullman, WA) and a Field Scout TDR 300 meter (Spectrum Technologies, Inc., Aurora, IL), 
respectively. For the PAR measurements, the ambient light and light under the resident hayfield 
canopy were measured in three random locations in each plot. For the soil moisture, 
measurements were taken to a depth of 7.6 cm in three random locations in each plot.  
In order to assess how the management and seeding treatments affected the resident 
hayfield and sown forage cocktail community, plant community biomass was harvested in two 
randomly positioned quadrats (0.25 m by 1m) in each plot on September 25, 2014 for the warm 
season treatments (“fall harvest”) and June 25, 2015 for the cool season treatments (“spring 
harvest”). Components of the biomass samples were sorted to species (forage cocktail 
components) or functional group (resident hayfield components) and dried to constant biomass in 
an oven set at 50oC.  Dried biomass samples were weighed to the nearest 0.01 g. 
Kingman site 
At the Kingman site, PAR and soil moisture data were collected on July 18 for the spring 
planting and November 5 and 13, 2014 for the fall planting, using an Accupar LP-80 and a Field 
Scout TDR 300 light meter, respectively. Resident hayfield and forage crop cocktail biomass 
was harvested on October 3, 2014 for the warm season treatments (“fall harvest”) and June 25, 
2015 for the cool season treatments (“spring harvest”). Protocols for collecting PAR, soil 






Data on the effects of the hayfield management and cocktail seeding treatments on PAR, 
soil moisture, and the biomass and species richness of the resident hayfield and sown forage crop 
cocktail species were collected in the fall of 2014 (“fall harvest”) and the subsequent spring 2015 
(“spring harvest”). These fall and spring harvest datasets were analyzed separately. Fall 2014 
harvest, PAR and soil moisture data from the treatments that had the full suite of cocktail species 
seeded in the spring (“All spring”), the treatments that had the warm-season components only 
(“Sequential”) and the control, in which no seeds were planted, were analyzed with analysis of 
variance (ANOVA). The model included block, hayfield management treatment 
(“Management”), the cocktail seeding treatment (“Seeding”), and the interaction between 
management and seeding. Prior to analysis, data were checked for adherence to the assumptions 
of ANOVA. When treatment effects were significant (p<0.05), we used Tukey’s HSD test for 
means comparison.  
The spring 2015 harvest, PAR, and soil moisture data from the treatments that had the 
full suite of species sown in fall 2014 (“All fall”), the sequential treatments (“Sequential”) and 
the control, were analyzed with ANOVA using the same model and subsequent means 
comparison tests described above.  
In addition to the analyses above, we also assessed whether there were cumulative effects 
on the resident hayfield and sown cocktail species of the sequential seeding treatment relative to 
the control treatment. For this analysis we combined the fall and spring harvest data (summed 
across both sampling times) for the sequential and control treatments and analyzed these data 
using the same ANOVA model and means comparison tests described above. 
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We conducted several multivariate analyses in order to determine how the treatments 
affected the species and functional group composition of the sown cocktail and resident hayfield 
community. Separate data matrices were constructed for the Dover and Kingman site and for the 
fall and spring harvest data, resulting in a total of four biomass matrices. Each matrix included 
the biomass of each of the 15 sown cocktail species, as well as the biomass of the resident 
hayfield species separated into three broad functional groups: legume, broadleaf, and grass.  
Each species biomass matrix was paired with a corresponding second matrix that included 
information on the plot ID, treatment, and block, as well as several summary variables including 
total resident and cocktail biomass, richness, Shannon and Simpson diversity, and evenness. 
These summary variables were used to examine correlations between ordination scores and 
community parameters. We used nonmetric multidimensional scaling (NMS) ordination to 
visualize differences in community composition between the treatments (McCune and Grace 
2002). Ordinations were conducted using Bray-Curtis distance. Prior to ordination, the biomass 
data were assessed for skew and kurtosis and subsequently log (x+1) transformed in order to 
minimize these properties. Useful ordinations (i.e., those that provide a significant reduction in 
stress with decreasing dimensionality) could only be found for the fall harvest datasets. For all 
four datasets, the significance of treatment effects on community composition and abundance 
was assessed with a permutation-based multivariate analysis of variance (PerMANOVA; 
Anderson 2001) conducted on the transformed data matrix. Both the NMS and PerMANOVA 







Results are presented separately by site (Dover and Kingman) and harvest time. Data 
associated with the “fall harvest” include the PAR and soil moisture data collected in July in the 
treatments that were sown in the spring of 2014 and the hayfield and cocktail biomass data 
collected in those same treatments in the fall of 2014. Data associated with the “spring harvest” 
include the PAR and soil moisture data collected in the treatments in November that were sown 
in the fall of 2014 (“cool season”) and the biomass data collected in those same treatments in the 
spring of 2015.  
Treatment effects on light (PAR) and soil moisture  
At the Dover site, levels of PAR reaching the soil surface in July 2014 were affected by 
the hayfield management treatment (ANOVA: p < 0.0001; Table 2).  
Table 2. Results of analysis of variance (ANOVA) on PAR measured at the Dover and Kingman 
sites. PAR data associated with the Fall Harvest 2014 were collected in July 2014, while PAR 
data associated with the Spring Harvest 2015 were collected in November 2014.  
 
Specifically, PAR was lowest in the control (~39%) and highest in the three other treatments 
(~70% in single-mow, multi-mow, and single-mow + tillage treatments; Tukey HSD, p < 0.05) 
Factor F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F
Block 0.8746 0.3561 8.7400 0.0055 7.0168 0.0120 3.9576 0.0545
Management 106.9076 <0.0001 18.0482 <0.0001 38.7191 <0.0001 7.5629 0.0005
Seeding 1.3685 0.2678 0.4491 0.6418 113.6331 <0.0001 37.9210 <0.0001







(Figure 2). There was no effect of the cocktail seeding treatment on PAR and no interaction 
between seeding and hayfield management (ANOVA: p > 0.05).  
 
Figure 2. Effects of hayfield management treatment on the percentage of photosynthetically 
active radiation (PAR) measured below the plant canopy on July 23, 2014 (16 days after “spring 
seeding”) at the Strafford County Conservation Farm in Dover, NH. Data are means ± SE, n = 
16. Bars sharing the same letter are not significantly different at the p < 0.05 level (Tukey HSD 
test).  
 
We observed similar treatment effects on light levels following spring establishment of 
the treatments at the UNH Kingman Farm site as we did at the Dover site, except that hayfield 
management effects were more pronounced (Table 2). Levels of PAR reaching the soil surface in 
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(~40%), and highest in the single mow + tillage treatment (~69%) (Figure 3). Similar to the 
Dover site, there was no effect of seeding treatment and no interaction between seeding and 
hayfield management (ANOVA: p > 0.05; Table 2).  
 
Figure 3. Effects of hayfield management treatment on the percentage of photosynthetically 
active radiation (PAR) measured below the plant canopy on July 18, 2014 (9 days after “spring 
seeding”) at the UNH Kingman Research Farm site in Madbury, NH. Data are means ± SE, n = 
























































Table 3. Results of analysis of variance (ANOVA) on soil moisture measured at the Dover and 
Kingman sites. Soil moisture data associated with the Fall Harvest 2014 were collected in July 
2014, while soil moisture data associated with the Spring Harvest 2015 were collected in 
November 2014. 
 
Treatment effects on soil moisture measured in July 2014, shortly after the spring-sown 
treatments were established, differed between the Dover and Kingman sites (Table 3). At Dover, 
there was a significant interaction between hayfield management and cocktail seeding (ANOVA: 
p = 0.009). Specifically, soil moisture was lowest in the unmanaged controls that were not 
seeded, those that were seeded with the entire cocktail (“all spring”), and the “sequential” 
treatment that was managed with a single mow + tillage, and was highest in the “sequential” 
treatment that was managed with a single mow but no tillage (Figure 4). 
Factor F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F
Block 0.7051 0.4068 4.5937 0.0391 2.8212 0.1019 16.2999 0.0003
Management 40.0813 <0.0001 2.5084 0.0748 5.5549 0.0032 1.8002 0.1652
Seeding 2.1047 0.1370 2.3475 0.1105 0.4306 0.6535 1.3556 0.2710
Management & Seeding 0.7400 0.6210 3.4714 0.0085 0.3768 0.8888 1.7667 0.1348
Kingman DoverKingman Dover




Figure 4.  Effects of hayfield management and seeding on soil moisture measured at the 
Strafford County Farm in Dover, NH on July 18, 2014 (11 days after establishment of the spring-
sown treatments). Data are means ± SE, n = 4. Bars sharing the same letter are not significantly 
different at the p < 0.05 level (Tukey HSD test).  
 
 At the Kingman site, only hayfield management affected soil moisture in July 2014. 
Specifically, soil moisture was lower in the single mow + disturbance treatments compared to the 
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Figure 5.  Effects of hayfield management and seeding on soil moisture measured at the UNH 
Kingman Research Farm in Madbury, NH on July 18, 2014 (11 days after establishment of the 
spring-sown treatments). Data are means ± SE, n = 16. Bars sharing the same letter are not 
significantly different at the p < 0.05 level (Tukey HSD test).  
 
 Effects of the treatments on PAR measured in November 2014, after the establishment of 
the fall-sown treatments, were more varied at both the Dover and Kingman sites, and at both 
sites the hayfield management by cocktail seeding interaction was significant (ANOVA: Dover, 
p = 0.006; Kingman, p < 0.0001; Table 2). At Dover, PAR was lowest in all three unmanaged 
control treatments (no plant, all fall, and sequential), as well as the unseeded treatments in the 
other three hayfield management treatments and highest in the “all fall” cocktail seeding 
treatments in the single-mow, multi-mow, and single-mow + tillage hayfield management 











































Figure 6. Effects of hayfield management and cocktail seeding treatments on the percentage of 
photosynthetically active radiation (PAR) measured below the plant canopy on November 25, 
2014 (13 days after “fall seeding”) at the Strafford County Conservation Farm in Dover, NH. 
Data are means ± SE, n = 4. Bars sharing the same letter are not significantly different at the p < 
0.05 level (Tukey HSD test). 
 
At Kingman, differences between treatments in PAR measured in November 2014 were 
more dramatic; however, the pattern was similar to that observed at the Dover site. PAR was 
lowest in the unmanaged control treatments and the sequentially planted and unplanted 
treatments that were managed with only mowing, while PAR was highest in the treatments 
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Figure 7. Effects of hayfield management and cocktail seeding treatments on the percentage of 
photosynthetically active radiation (PAR) measured below the plant canopy on November 13, 
2014 (34 days after “fall seeding”) at the UNH Kingman Research Farm in Madbury, NH. Data 
are means ± SE, n = 4. Bars sharing the same letter are not significantly different at the p < 0.05 
level (Tukey HSD test). 
 
 Treatment effects on soil moisture measured in November 2014 were not significant at 
the Dover site (ANOVA: p > 0.05); however, there was a significant hayfield management 
treatment effect on soil moisture at the Kingman site (Table 3). Specifically, soil moisture was 








All Fall No Plant Sequential All Fall No Plant Sequential All Fall No Plant Sequential All Fall No Plant Sequential



































Kingman Farm (Fall seeding)














Figure 8.  Effects of hayfield management and seeding on soil moisture measured at the UNH 
Kingman Research Farm in Madbury, NH on November 5, 2014 (26 days after establishment of 
the fall-sown treatments). Data are means ± SE, n = 16. Bars sharing the same letter are not 
significantly different at the p < 0.05 level (Tukey HSD test).  
 
Treatment effects on the biomass of the resident hayfield community 
A summary of the variability in resident hayfield and forage crop cocktail biomass 
associated with the sites (location), cocktail seeding and hayfield management treatments, and 
season of biomass data collection is shown in Table 4. The two sites had relatively similar total 
hayfield biomass in the fall; however, in the spring harvest, resident hayfield biomass was nearly 
twice as high at the Kingman site compared to the Dover site. In general, spring sowing of the 









































additional biomass in the subsequent spring.  Mowing + tillage of the resident hayfield 
community prior to seeding tended to result in higher cocktail biomass at harvest compared to 
the other hayfield management treatments. 
Table 4. Dry weight biomass of the hayfield and planted (cocktail) components of the plant 
community, broken out by location, seeding treatment, and management treatment. Treatments 
were applied in spring or fall of 2014. Biomass was measured at two time points, fall 2014 and 
spring 2015. Data are means (SE). 
  Resident hayfield species Sown cocktail species Hayfield + Sown 
 Fall 14 Spring 15 Fall 14 Spring 15 Fall 14 Spring 15 
Location (g m-2)  (g m-2)  (g m-2)  
 Kingman 857.6 (55.4) 1571.2 (56.0) 6.8 (3.9) 0.1 (0.1) 864.4 (53.6) 1571.3 (56.0) 
 Dover 741.5 (44.7) 846.4 (33.5) 3.0 (1.1) 0.6 (0.2) 744.5 (45.0) 847.0 (33.4) 
Seeding             
 All Fall  - 1208.8 (82.0) - 0.3 (0.1) - 1209.1 (82.0) 
 All Spring  799.5 (36.8) - 4.9 (2.0) - 804.4 (36.4) - 
 Sequential 815.6 (45.6) 1217.1 (95.9) 5.1 (2.5) 0.4 (0.2) 820.7 (45.5) 1217.5 (95.8) 
 Control 753.7 (39.9) 1266.9 (74.9) 1.1 (1.0) 0.0 (0.0) 754.8 (40.4) 1266.9 (74.9) 
Management             
 Single Mow 782.4 (44.0) 1222.8 (109) 1.2 (0.4) 0.2 (0.1) 783.6 (43.9) 1223.0 (108.8) 
 Multi-Mow 771.2 (25.4) 1225.8 (99.0) 0.8 (0.5) 0.2 (0.1) 772.0 (25.3)  1226.0 (98.9) 
 Mow + Tillage 591.0 (23.9) 1130.8 (72.8) 8.8 (4.0) 0.5 (0.2) 599.8 (25.4) 1131.3 (72.7) 




Effects of the treatments on the biomass of the resident hayfield species appeared to 
depend on the site and the season. At Dover, there was a significant interaction between hayfield 
management and cocktail seeding on the biomass of the resident hayfield species measured in 
fall of 2014, while at Kingman, only hayfield management affected the biomass of the resident 
hayfield species (Table 5). At Dover, the highest hayfield biomass was observed in the control 
treatment that was planted sequentially (1145.48 g) and the lowest biomass was observed in the 
single mow treatment that was not seeded (572.98 g). At Kingman, the highest hayfield biomass 
was observed in the no management control treatments (1141.88 g), while the lowest was 
observed in the single mow + tillage management treatments (540.16 g). 
Table 5. Results of the ANOVA for hayfield management and cocktail seeding treatment effects 
on the biomass of the resident hayfield species at the Dover and Kingman sites. 
 
In contrast to the fall biomass harvest, we observed no significant treatment effects on the 
biomass of the resident hayfield community measured in spring of 2015 at either site (Table 5). 
Analysis of the cumulative biomass from the 2014 and 2015 harvests in the sequential 
seeding treatment and the control indicated that planting the warm and cool season components 
of the forage crop cocktail in a sequential manner did not affect resident hayfield biomass (i.e., 
seeding effect was not significant, p > 0.05); however, there was a significant hayfield 
management effect (p = 0.008; Table 5). 
 
Factor F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F
Block 5.0847 0.0305 0.0027 0.9588 0.0458 0.8318 7.8227 0.0083 0.2982 0.5872 4.5671 0.0371
Management 15.8867 <0.0001 11.3905 <0.0001 2.7548 0.0570 0.7621 0.5230 1.8818 0.1434 4.3304 0.0082
Seeding 0.8867 0.4480 3.1136 0.0569 1.0970 0.3451 2.7198 0.0798 0.0687 0.7942 0.1838 0.6698









Treatment effects on the biomass, richness, and species composition of the sown forage crop 
cocktail community 
 In general, our ability to establish the forage crop cocktail was poor across all of the 
treatments at both sites. Where the cocktail did establish, the treatment effects were relatively 
subtle and overall biomass and species richness of the cocktail was low (Table 4). At the Dover 
site, cocktail biomass measured in the fall of 2014 was affected only by the approach to seeding 
(ANOVA: p = 0.006), and was highest in the sequential seeding treatment, while at the Kingman 
site, cocktail biomass was affected by the interaction of the seeding and hayfield management 
treatments (ANOVA: p = 0.035); Table 6). At Dover, the spring seeding treatment (All spring) 
had the highest average cocktail biomass (11.96 g), while the lowest cocktail biomass was 
observed in the unseeded control (0 g). At Kingman, the single mow + tillage treatment 
combined with spring seeding (All spring) resulted in the highest cocktail biomass (40.62 g) 
compared to the other treatment combinations, all of which resulted in little to no cocktail 
biomass. 
Cocktail biomass measured in the spring of 2015 was similarly affected by seeding at the Dover 
site, and was highest in the sequential seeding treatment (p = 0.025). At the Kingman site, there 







Table 6. Results of the ANOVA for hayfield management and cocktail seeding treatment effects 
on the biomass of the sown forage crop cocktail species at the Dover and Kingman sites. 
 
Separate analysis of the cumulative cocktail biomass data from the fall 2014 and spring 
2015 biomass harvests in the sequential and control treatments indicated that sequential planting 
of the warm and cool season components of the cocktail increased cocktail biomass only at the 
Dover site (ANOVA: seeding effect, p = 0.006; Table 6). 
Species richness of the sown cocktail community in the fall 2014 harvest was affected by 
the seeding approach at the Dover site (ANOVA: p < 0.0001) and by the interaction between 
hayfield management and seeding at the Kingman site (ANOVA: p = 0.019; Table 7). 
Specifically, at the Dover site, cocktail richness was highest in the spring seeding treatment (2.3 
species). At the Kingman site, the single mow + tillage combined with spring seeding resulted in 
3.75 species.  
Species richness of the cocktail community in the spring 2015 harvest was affected by the 
seeding approach at the Dover site and was highest in the fall seeded treatments (0.63 species; 
ANOVA: p 0.0048). There were no treatment effects on cocktail richness in the spring 2015 
harvest at the Kingman site (p > 0.05; Table 7).  Of the cocktail species we planted, cowpea was 
most often observed in the biomass harvest, while there was little evidence that the other species 
were successful. 
Factor F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F
Block 3.3157 0.0772 0.0586 0.8101 1.8421 0.1834 1.1258 0.2959 0.8569 0.3568 0.0005 0.9827
Management 7.2536 0.0007 1.4047 0.2578 1.0234 0.3941 2.1150 0.1160 1.5628 0.2088 0.6330 0.5969
Seeding 1.6581 0.2051 9.2084 0.0006 1.0234 0.3699 4.0858 0.0254 1.1391 0.2905 8.1880 0.0060
Management & Seeding 2.5825 0.0354 2.0672 0.0825 1.0234 0.4265 0.7728 0.5965 2.2930 0.0881 0.9188 0.4379








Table 7. Results of the ANOVA for hayfield management and cocktail seeding treatment effects 
on the richness of the sown forage crop cocktail species at the Dover and Kingman sites. 
 
Treatment effects on the composition of the cocktail and resident hayfield community 
showed similar patterns as those observed for total cocktail biomass and richness.  Ordination of 
the cocktail and hayfield community composition and abundance data from the fall harvest at the 
Dover site indicated that cocktail composition was not strongly affected by the treatments 
(Figure 9).  Cocktail and resident hayfield community composition and abundance was similar 
among all of the hayfield management and cocktail seeding treatments. Analysis of the plant 
community matrix indicated that only the seeding treatment affected hayfield community 
composition and abundance (PerMANOVA: management p = 0.487; seeding, p = 0.0002; 
interaction, p = 0.6214). 
Factor F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F F Ratio Prob > F
Block 0.1885 0.6668 0.4217 0.5203 1.8421 0.1834 0.2577 0.6149
Management 6.3535 0.0015 1.0683 0.3751 1.0234 0.3941 1.7010 0.1847
Seeding 13.3790 <0.0001 15.6235 <0.0001 1.0234 0.3699 6.2371 0.0048








Figure 9. Nonmetric multidimensional scaling (NMS) ordination of the forage cocktail and 
hayfield community data from the fall harvest at the Dover site. Symbols are sample unit scores 
and blue dots are cocktail species scores (see Table 1 for cocktail species abbreviations). Red 
lines extending from the ordination centroid indicate correlations between ordination scores and 
community summary variables. Total Cr and D are cocktail total biomass and the four diversity 
indices, respectively. Total cocktail and hayfield richness was also significantly correlated with 
the ordination scores. Cocktail species in bold indicate significant correlations with the first 
matrix. 
In contrast to the Dover site, ordination of the cocktail and hayfield community data from 
the fall harvest at the Kingman site showed that community composition and abundance were 
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most strongly affected by the hayfield management treatments that involved tillage (Figure 10).  
Plant community composition and abundance was much more similar among the control and 
mowing only treatments compared to the tilled treatments that were seeded either partially or 
fully in the spring. Analysis of the plant community matrix indicated that both management and 
seeding affected hayfield community composition and abundance (PerMANOVA: management, 
p = 0.026; seeding, p = 0.001; interaction, p = 0.096). Pairwise comparisons indicated that the 








Figure 10. Nonmetric multidimensional scaling (NMS) ordination of the forage cocktail and 
hayfield community data from the fall harvest at the Kingman site. Symbols are sample unit 
scores and blue dots are cocktail species scores (see Table 1 for cocktail species abbreviations). 
Red lines extending from the ordination centroid indicate correlations between ordination scores 
and community summary variables. Total Cr and D are cocktail total biomass and species 
richness and Shannon diversity indices, respectively. Total cocktail and hayfield richness was 
also significantly correlated with the ordination scores. Cocktail species in bold indicate 
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  With regard to our original hypotheses, the results of this experiment were not entirely 
conclusive. We hypothesized that hayfield management practices that result in the highest light 
and soil moisture availability at the time of seeding would result in the highest establishment, 
diversity, and overall productivity of the forage crop cocktail. At both sites, management 
(mowing with or without tillage) in the spring increased light availability at the time of cocktail 
planting relative to the unmanaged control; however, effects of management on soil moisture 
levels were less consistent. The combination of mowing and tillage in the spring had particularly 
strong effects on light at the Kingman site and this treatment was also associated with the highest 
levels of establishment of the cocktail (i.e., cocktail biomass) and resulted in the most dramatic 
effects on cocktail community composition. These results, as well as the differential response to 
the mowed + tillage treatment at the two sites could be due to a number of factors, including 
differences in resident hayfield community composition, soil type and other edaphic properties, 
and differences in the timing of operations. One of the most obvious differences between the 
sites was the implement used to create the “tillage” treatment.  At Dover we used an aerator, 
which resulted in very little actual disturbance to the soil, while at the Kingman site, we used the 
Yeoman’s plow, which created disturbance levels that more closely resembled strip tillage.  The 
reason for the differences in equipment between the sites owed, in part, to the desire on the part 
of the Strafford County Conservation District Farm governing board to utilize their own 
equipment and minimize the use of tillage. At Kingman Farm, we did not have access to an 
aerator, but also wanted to investigate a treatment that would result in more intense disturbance 
to the soil. 
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Licht and Al-Kaisi (2005) found that the maximum soil temperatures under strip-tillage 
were 1.4 – 1.9oC higher compared to soils managed with no-tillage. Their research suggested that 
soil under strip-tillage had reduced heat capacity and higher thermal conductivity compared to 
soil under no-till due to lower moisture content; however, this did not translate to differences in 
corn emergence or grain yield. Typically, disturbance is thought to improve the seedbed and 
enhance crop emergence and growth relative to no-till systems, particularly in poorly drained 
soils (Al-Kaisi and Hanna 2002). We found this to be the case at the Kingman site. 
At Kingman Farm, soil moisture was lower in the single mow + tillage treatment 
compared to the other hayfield management treatments (Figure 5 and 8). Celik et al. (2013) 
showed that soil moisture content was related to the width of the tilled strip, with narrower strips 
conserving more soil moisture compared to wider strip widths. Interestingly, these differences in 
strip width did not result in differences in crop emergence and total dry biomass (Celik et al. 
2013). This suggests that the effects of the mowing + tillage treatment on cocktail success that 
we observed in this study were likely due more to changes in light availability than soil moisture, 
and that the relative lack of soil disturbance associated with the “tillage” treatment at the Dover 
farm contributed to the low establishment success of the cocktail at that site. 
Another potential explanation for the differential responses between the Dover and 
Kingman sites was the type of seed drill that was used to plant the cocktail. Thiesen and 
Bastiaans (2015) recently demonstrated how seeder modifications can affect soil conditions and 
influence crop and weed establishment. Even no-till drills/seeders create soil disturbance, which 
can promote weed seedling growth and the effect can vary depending on the seeder speed, 
especially if there is a large germinable soil weed seed bank. Their experiment showed that (1) 
speed of seeders affect resultant weed densities in no-tilled fields and (2) modifying the seeder 
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(adding a coutler disc equipped with blades) reduces soil exposure and disturbance during 
seeding. The Great Plains no-till drill that we used at the Dover site was much heavier and likely 
resulted in better seed-to-soil contact than the medium-duty plot drill that we used at the 
Kingman site. Had the levels of disturbance in the “tilled” treatment been higher at the Dover 
site, we may have observed better establishment of the cocktail.  Conversely, had we used a 
heavier drill at the Kingman site, we may also have had better success in establishing the 
cocktail.  
The timing of activities also differed between the two sites, due to weather and labor 
challenges, and this may have contributed to the variability in our results. For example, after the 
mowing and disturbance treatments were applied at Kingman farm in the fall, it took an extra 7 
days to seed the cocktail (fall seeding), whereas hayfield management and cocktail seeding 
treatments were more closely aligned in the fall at the Dover site. It is possible that this delay 
between management and seeding allowed for the growth of resident hayfield species, making 
the community more competitive against the cocktail crops. Seeding dates were also not 
consistent between locations and cocktail seeding times. The fall seeding at the Dover site was 
conducted more than four weeks after the same seeding at the Kingman site. This extra time 
could have resulted in some cocktail species, which may have initially established, dying before 
the harvest occurred. 
Overall cocktail establishment and growth was poor across sites. This may have been due 
to inadequate fertility or other soil conditions such as pH. Additionally, the relatively low 
seeding rates of each species within the cocktail may have limited their overall establishment 
success. Numerous studies have documented the effect of different crop seeding dates and rates, 
especially on crop yields. For example, Ries and Hofmann (1996) reported variation associated 
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with different seeding dates and environmental conditions on perennial grass stem density. 
Finally, it is possible that there were too many different forage species planted together in the 
cocktail. Even though the species in the cocktail were chosen to complement each other, it is 
possible that some were incompatible or that species within a particular functional group 
competed with one another. Lithourgidis et al (2011) demonstrated with an intercrop of maize 
and faba bean that complementarity effects are often complex and that species interactions can 
often be subtle and difficult to predict.  
Our other hypotheses regarding cocktail species composition between cool and warm 
season plantings, contributions to overall hayfield productivity and stability, and contributions to 
hayfield resistance to invasion were not amenable to testing in this study due to the relative poor 
cocktail establishment at both sites.   
At the very least, data from this study suggests that attempts to establish forage crops into 
standing hayfields with minimal soil amendment and minimal soil disturbance or without the use 
of herbicides are not likely to be successful.  This study was constrained by several factors, most 
significant of which was the desire on the part of the governing board for the Strafford County 
Conservation District Farm to minimize the use of tillage and forego the use of herbicides as 
hayfield management treatments. For future studies of this nature, we recommend exploring 
experimental treatments that involve 1) more intensive tillage, 2) use of herbicides, and 3) 
cocktails with fewer forage crop species and higher individual seeding rates. When seeding into 
standing hayfields, we also recommend using seeders that ensure good seed-to-soil contact.  
Such studies will likely provide valuable information to farmers and other land managers that are 
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